The electrochemical performances of lithium-ion batteries depend to a great extent on the method used to prepare the electrodes and on the pore texture of the active material.
Introduction
Carbon gels are porous materials obtained by drying and carbonizing organic polymerbased gels [1] . The most interesting aspect of these materials is that their porous and chemical properties can be tailored by modifying the variables of the synthesis process to fit the requirements of a specific application [2] . For this reason, over the last decades, carbon gels have been studied in a wide range of fields including electrochemical systems such as supercapacitors and batteries [3] [4] [5] . Several works reported in the literature have demonstrated the feasibility of carbon gels to accumulate energy in supercapacitors, as well as the relationship between the electrochemical response of the systems and the porous properties of the carbonaceous material used to prepare the electrodes [5, 6] .
The working principle of a lithium-ion battery is based on the reversible extraction of lithium ions from the cathode during the charge stage, after which they migrate through the electrolyte to intercalate into the structure of a carbon-based anode material [7] [8] [9] [10] .
During discharge, the lithium ions migrate back to the cathode [7, 9] . While intercalation of the lithium ions occurs upon charging, secondary reactions also occur, especially during the first cycle, leading to the formation of a stable passivation layer, known as the solid-electrolyte interface (SEI) [7, 8] . This reaction is irreversible and entraps the lithium ions [11, 12] . However, this layer acts as a barrier to further degradation and its formation ensures the stability of the cell. The formation of the SEI layer and the diffusion of lithium ions through the anode material is a complex mechanism that depends largely on the chemical composition and porous properties of the active material used as anode [7, 8, 13 ].
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Graphite is one of the most common carbonaceous materials employed as anode active material in lithium-ion batteries [9, 11, 14] . Nevertheless, its maximum specific capacity is limited to 372 mAh/g, corresponding to 1 lithium atom for 6 carbon atoms.
Moreover, changes in volume occurring during the successive insertion-deinsertion cycles can cause cell failures with long-term use [9, 11, 14, 15] . Studies in which other carbons have been used show that it is possible to achieve higher capacities than that of graphite, indicating that factors other than lithium intercalation in graphitic layers also affect electrochemical performance [14, [16] [17] [18] . Indeed, it was proposed for instance that lithium can adsorb on both sides of non-stacking graphene sheets, inside micropores or on the borders of graphene layers [19] [20] [21] . Despite the numerous existing studies, the mechanisms that explain the reactions occurring inside a carbon anode of a lithium-ion cell are still unclear, although several studies have claimed that being able to control the pore texture of the carbonaceous materials is essential for improving the electrochemical performance of batteries [8, 11, 22] . Porous carbons bearing various pore textures (xerogels, cryogels, aerogels, nano-or microspheres, etc.) have been widely investigated as lithium-ion battery anodes. Ordered macroporous carbons for instance were shown to display electrochemical performances in line with those usually observed for hard carbons, but the ordered macroporous array was claimed to favour enhanced rate-performances [9] . Microporous carbons and carbon aerogels have been shown to display higher reversible capacities after increasing the micropore fraction by activation processes. Nevertheless, the enhanced capacities were also accompanied by increased irreversible losses during the first insertion-deinsertion cycle [22, 23] .
Unmodified carbon aerogels and xerogels were also evaluated as anode materials, with reversible capacities ranging from 380 to 500 mAh.g -1 , but in each case with considerable irreversible losses [14] . In all of these studies, it can be highlighted that 4 enhanced reversible capacities are mostly accompanied by increased irreversible losses.
Moreover, the reversible and irreversible capacities can sometimes be very different from one study to the other, even for materials displaying similar pore textures.
Consequently, carbon xerogels might be considered as good candidates as model materials for studying the electrochemical behaviour of porous carbons in general, since as explained above, their porous properties can be controlled and designed by choosing the appropriate synthesis conditions [1, 2, 24] . In addition, carbon gels can be produced by means of a fast, easy and cheap synthesis process based on microwave radiation, which yields most cost-competitive and high value-added active materials [1] .
For assembling an electrochemical cell, the active material needs to be mixed with a solvent and a binder in order to obtain a homogenous mixture for coating on the current collectors. The fluidity of the mixture will depend on the casting method employed (i.e., by hand, doctor-blade or spray). These mixtures are referred to in the literature as slurry or ink. The most frequent method for preparing inks or slurries involves the use of polyvinylidene fluoride (PVDF) as binder and N-methyl-2-pyrrolidone (NMP) as solvent [12, [25] [26] [27] [28] [29] [30] . This solvent is expensive, toxic and flammable [12] . Therefore, the use of an economical and more environmentally friendly solvent such as water is necessary to make batteries more cost-effective. Some authors have succeeded in replacing organic solvents with water when preparing electrodes from LiFePO 4 [26] or carbon black [31] . However, to the best of our knowledge, no study has been published to date on the use of water for preparing electrodes when carbon xerogels are employed as electrode material.
Thus, the present work aims to take a step further towards the understanding of porous carbons behaviour as electrode material in lithium-ion batteries via a more economical and environmentally friendly route. Hence, the first purpose of this study is to use carbon xerogels synthesized by microwave heating and with different porous properties as active material in lithium-ion batteries in order to determine the relationship between the porous properties of carbon materials and the electrochemical capacity of the systems. This study will complete the previous one performed on carbon xerogels obtained by the conventional method based on sol-gel, ageing and dying by evaporation 
Experimental

Microwave-assisted synthesis of organic xerogels
Organic xerogels were synthesized by the polycondensation of resorcinol (R) and formaldehyde (F) using deionized water as solvent and sodium hydroxide as basification agent. The resorcinol (Indspec, 99%) was first dissolved in the deionized water in an unsealed glass beaker under magnetic stirring. After dissolution, the formaldehyde (Merck, 37 wt.% in water, stabilized by 10-15% methanol) was added and the resulting mixture was stirred until a homogeneous solution was obtained.
Finally, the pH of the precursor solution was finely adjusted to the chosen value. To this aim, and so as not to modify significantly the dilution ratio, two different NaOH 6 solutions were used: a 5 M solution prepared from solid NaOH (AnalaR Normapur, 99.9%) and a commercial 0.1 M solution (Titripac from Merck). The concentrated solution was added dropwise until the pH was close to the target, then the diluted solution was used to precisely adjust the pH. The concentration of each reagent (resorcinol, formaldehyde, water and NaOH) was selected on the basis of the results reported in a previous published work in order to obtain materials of different pore sizes [2] . Accordingly, the precursor solutions were prepared with pH values ranging between 4 and 6, dilution ratios (i.e. water/reagents molar ratio) between 5 and 9 and R/F molar ratios ranging from 0.5 to 0.3.
All the organic gels were synthesized from 200 mL of precursor solution. The solution was poured into an unsealed glass beaker (transparent to microwaves) which was then placed in a multimode microwave oven (in-lab design and construction [32] ) at 85 ºC for 3 h, to allow gelation and ageing to be completed. After the formation of the polymeric structure, any excess water was eliminated by further heating of the gel in the microwave oven until a constant mass was achieved. The drying step lasted from 1 to 2 h depending on the final porous texture of the material. All the samples were ground prior to carbonization using a mixer mill (Retsch MM400) at 300 rpm during 60 min.
The particle size distribution of the powders was obtained by means of laser diffraction analysis using a Mastersizer 2000 (Malvern Instruments) in wet mode (Hydro2000) in order to ensure that the particle size was centred at ca. 10 µm (see Supporting
Information for more experimental details; the particle size distributions of the organic xerogels are shown in Figure S1a ).
Synthesis of carbon xerogels
The organic gel powders were carbonized at 700 ºC under a nitrogen flow in a horizontal tubular furnace. The carbonization process was performed in three successive steps: (i) heating up to 150ºC at 1.7ºC/min, (ii) heating up to 400ºC at 5ºC/min and (iii) heating up to 700ºC at 5ºC/min. The residence time for each step was 15, 60 and 120 min, respectively. After the last step, samples were left to cool down to room temperature. The particle size distribution of the carbon xerogel powders was also determined prior to the preparation of the inks (see Supporting Information for more experimental details: the particle size distributions of the carbon xerogels are shown in Figure S1b ). The carbon xerogels obtained are labelled CX followed by the value of the average pore size (in nm), obtained by means of mercury porosimetry (see section 2.4).
For instance, sample CX-50 is a carbon xerogel with an average pore size of around 50 nm.
Preparation of organic and aqueous inks
The organic inks (labelled 'OI') were prepared by mixing under magnetic stirring 92 wt. 
Electrode and cell preparation
Each ink was sprayed onto pre-weighed stainless steel disks of diameter 15.5 mm corresponding to the meso-macropores, was determined following the t-plot method [34] . Since carbon xerogels can be described as a stacking-up of microporous spherelike nodules delimiting meso-macroporous voids [24] , this surface corresponds to the external area of the nodules. Finally, the micropore volume (V DUB , volume of pores of width lower than 2 nm) was determined by the Dubinin-Radushkevich method [35] .
Electrochemical measurements
Electrochemical measurements were applied to the CR2032 coin cells. At least two cells of each material were tested in identical conditions in order to ensure repeatability of the results. Charge-discharge curves were recorded at C/5 between 0.005 and 1.5 V (vs.
Li + /Li) using a Biologic VMP3 multichannel potentiostat, inside a climate chamber at 10 25°C. Cyclic voltammetry was also performed over the same potential range at a scan rate of 0.1 mV/s.
Results and discussion
Pore texture of the carbon xerogels
The N 2 adsorption-desorption isotherms of the synthesized carbon xerogels are displayed in Figure 1a 
Pore texture of the active material-binder composites
The N 2 adsorption-desorption isotherms for the active material-binder composites obtained from the coating of the organic inks (OIC) and the aqueous inks (AIC) are presented in Figure S2 in the Supporting Information. The external (S ext ) and BET (S BET ) surface areas were calculated from the isotherm data and are plotted in Figure 2 . and water-based (AIC) composites.
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The external surface area (S ext ) of the carbon xerogels, i.e. the surface corresponding to the meso-or macropores, decreases from 227 to 84 m²/g as the pore sizes increases (see Table S1 in the supporting information). Indeed, this surface corresponds to the external area of the nodules that make up the carbon xerogel structure. The same trend is observed in the case of the composites, though the values are lower than those of the corresponding carbon xerogels, due to the incorporation of binder in the pore texture.
The composites resulting from the drying of the organic solvent (OIC) and aqueous (AIC) inks show differences in S ext values despite the fact that both types of ink were prepared with the same amount of binder (8 wt.%). In the case of OIC, the external surface is significantly reduced in comparison with that corresponding to the bare xerogel, whereas the reduction is much less pronounced in the case of the AIC. These differences are probably due to the fact that during the preparation of the organic solvent inks the binder penetrates more deeply into the innermost parts of the material than in the case of the aqueous inks, presumably due to the less hydrophilic nature of the carbon. These data are in agreement with the values of BET surface area (S BET ) displayed in Figure 2b . Indeed, the organic solvent-based composites (OIC) exhibit much lower S BET values than their aqueous counterparts (AIC), even though the same amount of binder is used. This may be due to the fact that the binder penetrates more deeply during the preparation of the organic solvent inks, blocking access to the micropores and so, provoking a sharp decrease in the BET surface area.
In this study, different types of binder were used to prepare the inks, depending on the type of solvent (NMP or water). Hence, the differences in the extent of penetration by the binder inside the carbon structure must be due either to the type of solvent or the 13 type of binder used. In order to determine which of these factors was responsible for the change, a new ink was prepared by mixing the CX-200 carbon xerogel, CMC and SBR (binder mixture used to prepare the aqueous inks and which is also soluble in NMP) and NMP (solvent used to prepare the organic inks). The resulting composite after the drying of the mixed ink was labelled 'MIC' ('Mixed Ink-based Composite').
The nitrogen adsorption-desorption isotherms of the CX-200 carbon xerogel and the corresponding active material-binder composites, obtained from the coating of the organic ink (OIC), aqueous ink (AIC) and mixed ink (MIC), are shown in Figure 3a ,
and the values of the external surface areas, S ext , are presented in Figure 3b . (Figure 3b) . From this observation, it can be concluded that, in this case, the solvent is the chief factor influencing blockage of the microporosity by the binder. In other words, NMP allows the binder to penetrate more deeply into the pore texture of porous carbons than water. This is probably due to the chemical surface composition of the carbons which shows a greater affinity for organic solvents than for aqueous solvents, resulting in a better surface wettability. However, to explain the behaviour of carbon xerogels as anode materials as a function of their pore texture, the aqueous pathway (water-CMC system) would seem to be more appropriate than the organic pathway (NMP-PVDF system), since the electrodes should display similar textural properties to those of the initial carbon.
Electrochemical properties
The electrodes prepared from carbon xerogels with different pore textures and different types of inks were used to evaluate the behaviour of carbon xerogel-based electrodes for
Li insertion-deinsertion. The thickness of the final electrodes, evaluated by profilometry, ranged from 10 to 15 µm. Their electrochemical performances were determined taking into consideration that the insertion of lithium into the carbon structure occurs during the discharge of the cell, whereas extraction of lithium occurs while the cell is being charged, due to the half-cell configuration. The galvanostatic charge-discharge technique was employed to evaluate the influence of the pore texture of five carbon xerogels. For that purpose, the carbons were employed as active material The charge-discharge curves of the anode materials prepared from organic (series OIC) and aqueous (series AIC) inks exhibit a similar electrochemical behaviour. In agreement with data published on the use of carbons as electrode material [9, 22, 27, 28] , the curves shown in Figure 4 do not exhibit a voltage plateau corresponding to the insertion-deinsertion of lithium, but rather a gradual decay in the voltage.
The calculated values of the capacities resulting from the galvanostatic cycling of the different half-cells are presented in Table 1 . It should be noted that, generally, an increase in reversibility is accompanied by a decrease in irreversible losses during the first charge-discharge cycle, which makes the comparison of these data difficult. In order to obtain a better insight into the behaviour of carbon xerogels as anode materials, more pertinent information can be gained from the relative irreversible losses, that can be expressed by the ratio between irreversible and reversible capacity (Q irr/ Q rev ). In the present study, this ratio was employed for all the half-cell assemblies and their associated numerical values are presented in Table 1 along with the more noteworthy textural properties of the initial carbon xerogels that were used as active material. However, these absolute values have to be treated with care, in view of the degree of uncertainty surrounding the mass of active material. For that reason, the Q irr /Q rev ratio is much more reliable. The Q irr /Q rev ratio decreases as the pore size increases. Since the reversible capacities of all of the carbon xerogels are in the same range, the lower Q irr /Q rev ratio due to the larger pore size can be ascribed to lower irreversible losses during the first charge-discharge cycle [12] . The lowest irreversible losses for the electrode with the carbon xerogels of large pore size can be attributed to its smallest external surface area, S ext , corresponding to the surface of the carbon nodule. Indeed, the S BET of the carbon xerogels studied in the present work are all in the same range as shown in Table 1 , indicating that there is no relationship between this parameter and the electrochemical behaviour, which is in accordance with data published by Béguin et al.
and Piedboeuf et al. [4, 13] . Figure 5 shows the evolution of the Q irr /Q rev ratio as a function of the external surface area of the carbon xerogels used as active material in the electrodes prepared from organic and aqueous inks. A very clear relationship can be observed between the S ext and the Q irr /Q rev ratio for all samples. From Figure 5 it can also be seen that the relationship between the Q irr /Q rev ratio and the S ext is maintained in all the electrodes prepared with organic solvent and aqueous inks.
18 Figure 5 . Irreversible-reversible capacity ratio (Q irr /Q rev ) as a function of the external surface area of carbon xerogels.
No differences in Q irr /Q rev ratio can be appreciated when comparing organic solventbased and aqueous-based electrodes prepared from the same carbon xerogel. Therefore, it can be concluded that, for the materials studied, the replacement of the NMP-PVDF system by the water-CMC/SBR system to obtain carbon xerogel-based electrodes is a viable process which avoids the use of a toxic compound without causing any significant deterioration in electrochemical behaviour when they are employed as anodes in lithium-ion batteries.
Conclusions
The electrochemical capacities obtained when using water as solvent and a mixture of CMC and SBR as binder (aqueous ink), were similar to those obtained in the electrodes prepared from organic inks, regardless of the porosity of the carbons studied. Thus, the NMP-PVDF system, which is commonly employed to prepare carbon-based electrodes, could be replaced with a water-CMC/SBR system in order to make way for a more environmentally friendly process without any change of electrochemical behaviour in porous carbon based anode materials.
It was also found a relationship between the electrochemical properties and the external surface area S ext of the carbon xerogels used. However, no relationship was observed between the total specific surface area, S BET , and electrochemical behaviour, whichever solvent-binder pair was used. Therefore, the role of micropores in the electrochemical behaviour in batteries is doubtful, and the research should be focused in the production of carbons with good electrical conductivity but also with wide pores and low external surface area in order to minimize the irreversible capacity.
Although the absolute values of capacities remain lower than those obtained when using commercial graphite, the use of carbon xerogels processed into aqueous-or organic based inks can help in understanding the electrochemical behavior of porous hard carbons.
